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(g) Adaptive charge pump for phase-locked loops. 



(57) A method and apparatus for improving the 
performance of a phase-locked loop (50) are 
disclosed. A phase error between two signals 
(U^Uqm) is sensed (in 100) and a temporary 
increase in the band width of the phase-locked 
loop is provided responsive to the sensed phase 
error. The phase-locked loop may comprise a 
charge pump (200) and the temporary increase 
in the bandwidth of the phase-locked loop may 
comprise a temporary increase in charge pump 
current An increase in phase-locked loop 
band-width is followed by a decrease in the 
bandwidth responsive to a decrease in phase 
error. The decrease in bandwidth may comprise 
a decrease in charge pump current 



FIG. l 



u« I 



PHASE- 
FREQUENCY 
DETECTOR 


UP 


ADAPTIVE 
CHARGE 
PUMP 


I CO J 






down" 



,300 



.500 



-400 



VOLTAGE 
CONTROLLED 
OSCILLATOR 



U F 



m 
00 

CM 

in 



o. 
ui 



Jouve, 18. rue Saint-Denis, 75001 PARIS 



1 



EP 0 528 fc51 A2 



2 



Field of the Inv ntion 

The present invention relates generally to phase- 
locked loops and more specifically to charge pumps 
for phase-locked loops. 

Background of the Invention 

A basic phase-locked loop (PLL) is a circuit which 
produces an output signal synchronized to an input 
reference signal. A PLL output signal is synchronized 
or "locked" to a reference signal when the frequency 
of the output signal is the same as that of the refer- 
ence signal. Under locked conditions, a PLL may pro- 
vide for a constant phase difference between the ref- 
erence and output signals. This phase difference may 
assume any desired value including zero. Should a 
deviation in the desired phase difference of such sig- 
nals develop (i.e., should a phase error develop) due 
to, e.g., variation in either (i) the frequency of the ref- 
erence signal or (ii) programmable parameters of the 
PLL, the PLL will attempt to adjust the frequency of 
its output signal to drive the phase error toward zero. 

There are several different types of PLLs. Among 
these are PLLs which are charge pump-based. In a 
charge pump-based PLL, a phase-frequency detector 
compares an input reference signal to an output sig- 
nal from a voltage controlled oscillator for the purpose 
of observing phase and frequency differences be- 
tween the signals. If differences are observed, the 
phase-frequency detector produces logic pulses indi- 
cative of such differences. A charge pump receives 
these logic pulses and, based thereon, provides puls- 
es of current to a loop filter and ultimately the voltage 
controlled oscillator. As filtered, these current pulses 
serve to adjust the voltage controlled oscillator to 
compensate for the observed differences. 

The magnitude of PLL bandwidth is a parameter 
detecting PLL performance. The larger the band- 
width, the larger the steady-state phase jitter (/.e., the 
larger the phase error due to circuit noise) of the PLL 
but the smaller the settling time for variations in the 
reference signal or PLL parameters (i.e., the smaller 
the time needed by the PLL to adjust to the varia- 
tions). The smaller the PLL bandwidth, the smaller 
the steady-state phase jitter, but the larger the setting 
time. Consequently, a PLL design trade-off issue can 
exist between desirable values of steady-state phase 
jitter and reference signal/PLL parameter variation 
setting time. 

Summary of the Inv ntion 

The present invention provides a method and ap- 
paratus for temporarily providing an increas d PLL 
bandwidth responsiv to variations or transients in a 
reference signal or programmable loop parameters, 
and a narrow bandwidth during the steady-state. 



An illustrative embodiment of the present inven- 
tion comprises an adaptive charge pump which oper- 
ates to employ a relationship between the magnitude 
of charge pump current and PLL bandwidth. This re- 

5 lationship provides that increases in charge pump 
current tend to increase PLL bandwidth, while de- 
creases in current tend to decrease PLL bandwidth. 
The embodiment provides for sensing the above- 
described variations and, responsive thereto, tempor- 

10 arily increasing the magnitude of charge pump cur- 
rent The increased charge pump current increases 
PLL bandwidth and therefore decreases settling time 
of a PLL in response to such variations. Once PLL out- 
put signal phase has been modified to track the vari- 
es ations, the charge pump current is reduced, reducing 
PLL bandwidth and steady- state phase jitter. The 
temporary nature of an increase in charge pump cur- 
rent provides for enhanced PLL settling properties, as 
needed, without a sustained increase in PLL steady- 

20 state phase jitter. 

The illustrative embodiment of the present inven- 
tion functions by operation of a variation sensor in 
combination with a variable current source. The vari- 
ation sensor monitors the outputs of a PLL's phase- 

25 frequency detector for the presence of logic pulses in- 
dicating a variation to be tracked. Responsive to 
sensing significant logic pulses, the variation sensor 
signals the variable current source that increased 
current should be provided to the loop filter and VCO 

30 of the PLL to improve settling time. The viable current 
source responds by increasing the magnitude of its 
output current pulses, thereby increasing PLL band- 
width and providing for quicker adjustment to the 
sensed variation. 

35 Once the voltage controlled oscillator of the PLL 

responds to the filtered current pulses by adjusting its 
output to track the variation, significant logic pulses 
from the phase-frequency detector cease. The varia- 
tion sensor responds to the lack of significant logic 

40 pulses by de-asserting its signal to the variable cur- 
rent source, which, in response, reduces the magni- 
tude of current pulses it produces. 

The present invention has use in many systems 
such as clock signal synthesizer systems for, among 

45 other things, video graphics applications. 

Brief Description of the Drawings 

Figure 1 presents an illustrative charge pump- 
50 based phase- locked loop. 

Figure 2 presents an illustrative embodiment of 
the adaptive charge pump of the present invention. 

Figure 3 presents an illustrative variation sensor. 

Figure 4 presents an illustrative variable current 
55 source. 
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Detailed Description 

intr duction 

An illustrative charge pump-based phase-locked 
loop (PLL) 50 is presented in Figure 1 . Areference sig- 
nal U| is received by a digital programmable divider 
circuit 75, which divides the frequency of U ( by a pro- 
grammable value N. A resulting signal, U, N , is provid- 
ed to a phase-frequency detector (PFD) 100. Also 
provided to the PFD 1 0 is signal Uqm. which is the out- 
put of a voltage controlled oscillator (VCO) 400, U 0 , 
divided by a number M by another digital programma- 
ble divider circuit 500. PFD 1 00 detects differences in 
phase and frequency between U, N and U 0 m» and pro- 
vides logic signals to an embodiment of an adaptive 
charge pump 200 indicating when such differences 
have been detected. By arbitrary convention these 
logic signals are designated as DOWN and UP, re- 
spectively. (It will be apparent to one of ordinary skill 
in the art that the opposite convention could be chos- 
en.) 

The adaptive charge pump 200 is coupled to a 
loop filter 300 and provides a charge pump output cur- 
rent, l C o» to the loop filter 300 based on the received 
UP/DOWN logic signals. The loop filter 300 provides 
low-pass filtering to loo. yielding a filtered signal U F . 
This signal is provided as feed-back to the VCO 400. 

The digital programmable dividers 75 and 500 in 
the illustrative embodiment may be any of those well 
known in the art The illustrative PFD 1 00 may be any 
of the well-known types, such as that presented in 
Figure 6.18 in F.M. Gardener, Phaseiock Techniques, 
123-25 (1979). The loop filter 300 of the illustrative 
embodiment is a first order low-pass filter. The illus- 
trative VCO 400 comprises a voltage to current con- 
verter coupled to a ring oscillator which comprises 
three current controlled inverters. 

Th Adaptive Charge Pump 

The illustrative embodiment of the adaptive 
charge pump 200 is presented in Figure 2. UP/DOWN 
logic signals from PFD 100 are provided to both a va- 
riation sensor (VS) 220 and a variable current source 
(VCS) 260. The VS 220 is coupled to VCS 260. and 
both are coupled to a power supply voltage, Vdo. Re- 
sponsive to detecting significant UP/DOWN logic sig- 
nals from the phase-frequency detector 100, the VS 
220 sends a variation signal, U' V s, to the VCS 260. 
The VCS 260 provides output current l C o to the loop 
filter 300 of the PLL 50. 

The Variati n Sens r 

An illustrative VS 220 is presented in Figure 3. As 
shown in the Figure, the UP/DOWN logic signals from 
the PFD 100 are logically ORed by gate 225 to form 



signal Signal S t controls the operation of a switch 
229, which in turn modulates the flow of current, l 1( 
from current source 227. Switch 229 will close during 
the intervals when signal St is logically true. Resistor 
5 235 is coupled to switch 229 at node A, along with cur- 
rent source 233. Capacitor 231 is coupled to resistor 
235 at node B. 

Current source 233 provides a current 12 which is 
related to current l< as follows: 

' 2 " n' 

where n is, for example, 1 0. The value of n determines 
the average duty cycle of S t deemed to be significant 
so as to cause an increase in VCS 260 output current 

15 For example, for I, = 20 uAand 12 = 2 uA(n=10), UP- 
/DOWN logic pulses causing a duty cycle for Si > 0.1 
(i.e., greater than 10 percent) will be deemed signifi- 
cant for purposes of variation sensing, (see, section 
entitled Operation of the Illustrative Embodiment). 

20 The voltage signal at node B is designated as 

U V s. This signal is received by inverter 237 which pro- 
vides as output a logical TRUE signal whenever it re- 
ceives an input signal which is less than or equal to 
a threshold, V th . Inverter 237 will provide as output a 

25 logical FALSE signal whenever it receives an input 
signal which is greater than V th . Because of this 
threshold, the inverted signal output from inverter 
237 is indicated with a "prime" notation: U' V s- This 
output is again inverted by inverter 239 to provide sig- 

30 nal U'vs- It is this signal, U Vs. which is output to the 
VCS 260. 

The Variable Current Source 

35 An illustrative variable current source 260 is pre- 

sented in Figure 4. As shown in the Figure, the VCS 
260 includes two current sources, 265 and 275, which 
are directly modulated by the UP and DOWN logic 
pulse signals from the PFD 100 by operation of 

40 switches 290 and 292, respectively. VCS 260 also in- 
cludes two current sources 270 and 280 which are 
modulated nor only by the UP and DOWN logic pulse 
signals applied to switches 290 and 292, respectively, 
but also by signal U' V s. by operation of switches 285 

45 and 287, respectively. Exemplary values for l 3 and l 4 
are 4 \u\ and 20 uA, respectively. 

When signal U' V s is logically FALSE, the output 
current of the VCS 260, l C o. may comprise current 
from either of sources 265 or 275, depending on the 

so presence or absence of UP or DOWN logic pulse sig- 
nals controlling switches 290 or 292, respectively. 
However, when signal U Vs is logically TRUE, the out- 
put current of the VCS 260 may comprise current 
from either of sources 265 or 275, depending on the 

55 presence or absence of UP or DOWN logic pulse sig- 
nals, plus current from either source 270 or 280. 
In light of the above, it will be understood by one 
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of ordinary skill in the art that current sources control- 
led by switches in the VCS 260 and the VS 220 may 
comprise separate switches and sources, as present- 
ed in Figures 3 and 4, or unified switched current 
sources. Whether separate or together as a single 5 
element such may be formed with field effect transis- 
tors using techniques well known in the art. 

Operation of the Illustrative Embodiment 

10 

Under steady-state (e.g., locked) conditions, the 
UP/DOWN logic signals from PFD 10 are infrequent 
and of short duration, if present at all. As a result, the 
duty cycle, DS, of signal S t from OR gate 225 is very 
small or zero (e.g., less than 1 0 percent). Switch 229 15 
will therefore remain open most of the time and cur- 
rent source 227 will be largely blocked. (Under stea- 
dy-state conditions, some conventional PFDs provide 
narrow UP/DOWN spikes from time to time; as will be 
appreciated by the ordinary artisan, these spies will 20 
not affect the fundamental operation of this embodi- 
ment.) At the same time, current source 233 is work- 
ing to pull charge from capacitor 231 via resistor 235 
at a rate of l 2 = Mn. Since 12 > h xDS, the voltage 
across the capacitor, U V s» is driven toward zero. The 25 
condition of U V s = V th is sensed by the threshold logic 
of inverter 237, causing it to output a logical TRUE sig- 
nal. In response, inverter 239 provides a logical 
FALSE signal, U' V s. to switches 285 and 287 of VCS 
260. This FALSE signal causes the switches to open 30 
(or allows them to remain open). VCS 260 output cur- 
rent, l co . is therefore equal to 1 3, as provided by cur- 
rent source 265 or 275, when switch 290 or 292, re- 
spectively, is closed. 

As a result of significant variations in the refer- 3$ 
ence signal U,, or in the programmable values of M 
and N (e.g., resulting in loss of lock), significant UP- 
/DOWN logic pulse signals are produced. According- 
ly, the duty cycle, DS, of signal S, is large (e.g., great- 
er than 10 percent). Switch 229 will dose whenever 40 
signal S i is TRUE. Each time switch 229 closes, cur- 
rent It is allowed to flow and, as a result, charge is de- 
posited on capacitor 231. If the current \ A x DS (the 
rate at which charge is being deposited on the capac- 
itor) exceeds the current 1 2 (the rate at which charge 45 
is being drained from the capacitor), the voltage at 
node B, U vs , will be driven toward the supply voltage, 
Vdd. The condition of U vs > V th is sensed by the 
threshold logic of inverter 237, causing inverter 237 
to output a logical FALSE signal. In response, inverter so 
239 provides a logical TRUE signal, UVs. to switches 
285 and 287 which close in response. During the time 
when switches 285 and 287 are closed and UP- 
/DOWN pulses are present, VCS 260 output current, 
lco. is equal to 13, as provided by current source 265 55 
or 275, plus l 4 , as provided by current source 270 or 
280. Responsive to increased output current, lco. the 
bandwidth of the PLL 50 is increased thus enhancing 



its variation settling properties. 

As a result of the VCO 400 adjusting its output 
signal to reduce the PLL 50 phase error (between sig- 
nal U, N and output signal Uqm) to a small, if not zero, 
level, the PFD 100 will cease generating significant 
UP/DOWN logic pulses. Absent such significant logic 
pulses, the voltage at node B of the VCS 260, U vs . is 
driven toward zero by current source 233. The condi- 
tion of Uvs = V th is sensed by the threshold logic of 
inverter 237 causing it to provide a logical TRUE sig- 
nal as output. This signal is inverted by inverter 239 
to a logical FALSE signal causing switches 285 and 
287 to open. As a result, VCS 260 may provide output 
current equal to l 3 from sources 265 and 275, depend- 
ing on the presence of UP/DOWN logic pulses at 
switches 290 and 292, respectively. Responsive to 
this level of output current, the PLL 50 exhibits a re- 
duced level of phase jitter compared with that exhib- 
ited by the PLL 50 when its output current equals the 
sum of l 3 and l 4 . 



Claims 

1. In a phase-locked loop including a loop filter, an 
oscillator providing an output signal of the phase- 
locked loop, a phase detector, and a charge pump 
providing current to the loop filter, the current 
having a magnitude, a method of adjusting the 
bandwidth of the phase-locked loop, the method 
comprising the steps of: 

the phase detector sensing a phase error 
between a reference signal and the output signal 
of the phase-tocked loop; 

the charge pump increasing the magni- 
tude of the current provided to the loop filter re- 
sponsive to the phase error sensed by the phase 
detector, and 

subsequent to increasing the magnitude of 
the current, the charge pump decreasing the 
magnitude of the current 

2. The method of claim 1 wherein the charge pump 
increases and decreases the magnitude of the 
current by the same amount 

3. The method of claim 1 wherein the step of the 
charge pump decreasing the magnitude of the 
current is performed in response to a decrease in 
sensed phase error by the phase detector. 

4. In a phase-locked loop including a loop filter, an 
oscillator, and a phase detector for detecting er- 
rors between a reference signal and an output 
signal of the loop, an adaptive charge pump for 
coupling to the phase detector and the loop filter 
in the phase-locked loop and for providing charge 
pump current to the loop filter, the charge pump 
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current having a magnitude, the adaptive charge 
pump comprising: 

a. a variation sensor for determining when the 
magnitude of charge pump current provided 

to the loop filter should be increased, the de- 5 
termination to increase the magnitude of 
charge pump current based upon a phase er- 
ror detected by the phase detector, and 

b. a variable current source, coupled with the 
variation sensor, for providing charge pump 10 
current to the loop filter and for providing 

1. an increase in the magnitude of charge 
pump current responsive to said determi- 
nation by the variation sensor, and 

2. subsequent to providing said increase, 1 5 . 
a decrease in the magnitude of charge 
pump current. 

5. The adaptive charge pump of claim 4 wherein the 

increase and decrease in the magnitude of 20 
charge pump current are equal. 



d. a variabl current source for providing cur- 
rent to the loop filter, and for providing 

1. an increase in the magnitude of said 
current responsive to said determination 
by the variation sensor, and 

2. subsequent to providing said increase, 
a decrease in the magnitude of said cur- 
rent; and 

e. an oscillator for providing the phase-locked 
loop output signal responsive to the filter put- 
put signal. 

10. The phase-locked loop of claim 9 wherein the In- 
crease and decrease in the magnitude of said 
current are equal. 

11. The phase-locked loop of claim 9 wherein the va- 
riable current source provides a decrease in the 
magnitude of said current responsive to a de- 
crease in phase error detected by the phase de- 
tector. 



6. The adaptive charge pump of claim 4 wherein the 
variable current source provides a decrease in 
the magnitude of charge pump current respon- 25 
sive to a decrease in phase error detected by the 
phase detector. 



12. The phase-locked loop of claim 9 further com- 
prising a divider circuit, coupled between the 
phase detector and the oscillator, for dividing the 
frequency of the phase-locked loop output signal 
by a predetermined number. 



7. The adaptive charge pump of claim 4 wherein the 
variation sensor comprises: 
a capacitor, 

first current source means for producing a 
first current for use in charging the capacitor, said 
first current being provided responsive to a phase 
error detected by said phase detector, 

second current source means for produc- 
ing a second current for use in discharging the 
capacitor, and 

means for determining when the magni- 
tude of charge pump current should be increased 
responsive to a voltage across the capacitor. 



13. The phase-locked loop of claim 12 filter compris- 
30 ing a reference signal divider circuit, coupled to 

the phase detector, for dividing the frequency of 
the reference signal by a predetermined number. 

14. The phase-locked loop of claim 13 wherein each 
35 of the divider circuits is independently program- 
mable to allow selection of the predetermined 
numbers. 

15. The phase-locked loop of claim 9 wherein the 
40 phase detector comprises a phase-frequency de- 
tector. 



8. The adaptive charge pump of claim 7 wherein the 
magnitude of the first current is substantially ten 
times the magnitude of the second current 45 

9. A phase-locked loop comprising: 

a. a phase detector for sensing a phase error 
between a reference signal and an output sig- 
nal of the phase-locked loop; so 

b. a loop filter, the loop filter for receiving a 
current having a magnitude and for providing 
a filter output signal; 

c. a variation sensor for determining when the 
magnitude of current received by the loop f il- 55 
ter should be increased, the determination to 
increase the magnitude of current based on a 
phase error sensed by the phase detector; 
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(54) Adaptive charge pump for phase-locked loops. 

(57) A method and apparatus for improving the performance of a phase-locked loop (50) are disclosed. A 
phase error between two signals (U^Uom) is sensed (in 100) and a temporary increase in the band width 
of the phase-locked loop is provided responsive to the sensed phase error. The phase-locked loop may 
comprise a charge pump (200) and the temporary increase In the bandwidth of the phase-locked loop 
may comprise a temporary increase in charge pump current. An increase in phase-locked loop 
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